


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1948-09 


An investigation of stress concentration 
factors around selected openings using the 
brittle lacquer technique 


Marquardt, Dean K.; Waters, Allen S.; Marquardt, Dean K.; 
Waters, Allen S. 


Rensselaer Polytechnic Institute 
http://ndl.handle.net/10945/6471 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


INN | KNOX appointed — and published -- scholarly author. 

“a LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


AN INVESTIGATION OF STRESS 
CONCENTRATION FACTORS AROUND 


SELECTED OPENINGS USING THE BRITTLE 
LACQUER TECHNIQUE 


DEAN K. MARQUARDT AND 
ALLEN S. WATERS 


49 


























Submitted to the Feculty of 
rensselaer polytechnic Institute 
In fartiel Fulfillment of the 
heguirementse for the Degree of 
Mester of Civil bnwineering. 


by 
Deen 6. Marguerdt 
and 


Allen S. Waters 


TwIY, SEM YOR 
ShvTeephe, 1948 








AB TRACT. 


IRTr JLbUCT ION. 


TABLE OF CUORTANTS 


PoBear ATION OF MATEAIALS. . 


INVESTIGATION UcIRU S@GDbnsTE OF EX 


TRVESITLGaATION USING ALA LAYING. 


THe UVot OF RIVERA The PRAATURES. 
CUMLLUJSIONS .. 
SUGGASTIONS FOh FUTURA INVASTIGAT ION. 


DATA. . 


FIGUAES AWD LLLUSTRATIONS . 


BIBLIOGPAPHY. . 


(47 


TAF ADATURES. 








AC EMU) LAUUMART 


The investigetors wish to ecknowieage tneil inmedtedness 
to riofessor +. Hh. Trutnen, sechwunicse Lepeitment, for his 
conetent interest in the topic anc tis inveluvable suggestions 
throughout tre entire project. The euthors ere also incebted 
to Admirel L. 5S. Comos, Head of Civil Engineering Depertment, 
for his aseistence in obteining the services of the mechine 
anc welding encops at the leotia Asval vepot; to the Public 
Worke vepertment of Seotis; to Mr. David howells II, super- 
Visor of furcheses, :.F.I., for hie energetic service in abd- 
taining many Critics] saterisis; to Mr. J. F. Throop, #étoriels 
Levoretory, for his suggestions in use of the levoretory 
@,ulpment; end to dz. veorge Sprong, mechinist of seterials 
Leboretory, for hie gooc-natured and skiliful ebiiity in 
nelping prepere the test plsetes. 

The inveetigetors ewelseo wish to express their vopyreciation 
to sll versone of tzxe Sureeu of Yuercs und Locks who coep@ sted 
SO Completely in furnishing the necessary detweile to lnitiete 


this project. 








ABLTRACT 


The objectives of this study were twofoic. The first 
was sn investigation of the use of the relatively new 
technique of brittle lacquer for determining quentitetively 
certein stress concentration factors. The succeeding ob- 
jective, depending on satisfectory reeults of the first, was 
the actual determination of tke factors for certein selected 
openings of particular ehspes end sizes. 

The authors have attempted to point out the prectical 
problems and considerations involved in the use of brittle 
lacquer for e etucy of this kind. It wae found thet the 
technique is guite practicable, especielly for odd she ped 
pieces or openings and that for large scale operstions the 
investment in the brittle lacquer equipment and ite use would 
be acvisabile. 

The fuctore obteined for the perticulea: opeming® usea 


in thie project are found in the deta section of this report. 





TINTS OvICTION 


The object of this investigsetion wes to cetermine if 
brittie lecquer could be successfully used to investigate 
stress concentration factors eround circuler, semi-elliptica, 
enc bi-ellipticel openings in flat pletes subject to uni- 
axiel loading; end, if so, to determine the stress concen-~ 
tretion fectors srounco these selected openings. 

The term stress concentretion factor as used in this 
peper is defined es the ratio of the maximum stress to the 
average stress in the minimum section. The term bi-ellipti- 
eal opening is used in referring to openings consisting of 
halves of two ellipses huving a common major intercept but 
aifferent minor intercepts. 

The isportance of stress concentration fectort sround 
commonly used openings is obvious and hes been the subject of 
considerable research ond study. The perticuin: openings 
chosen for this investigation were suggested by the Buresu 
of Yerds and Docks of the JU. S. Navy. They consisted of open- 
ings which are commonly used in drydock and tunnel construc- 
tion and sbout which there is very limited duetea seveileole. 
The tunnel villsr problem constituted one set of openings 
investi,ated. This consisted of semi-elliptical openings 
with bases along, a common line separated by pillars of vary- 


ing depth. The ieportence of this problem is obviows in tunnel 








work end other construction where Openings of thie type are 
frequently used. 

The problem of stress concentrations sround elaple 
Openings, such as a small circular opening in a plate of 
infinite width, is one which has been thoroughly analyzed 
ana studied. ‘fhe theoretical enalysis of this probiem 
gives « stress concentration factor of three where the width 
is great compared to the diameter of the hole. fThe vaiia- 
tion of the factor with the retio of radius of nole to width 
of plate is reproduced below from "Strength of Materials"=- 


Fart II by S. Timoshenko. It cen be seen thet the factor 





decreases considerably as the ratio r/d incresses, 

For ellipticsl holes the following is quoted from the 
above reference: "In the case of a small ellipticel hole 
in a plate the meximum stress is at the ends of the horizon- 
tal axis of the hole, end is given by the eyguation: 


f max.=f(14¢2 a/b) 
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woere f is the tensile stress sppiled ut the engés of the 
plate. This stress increases with the retio a/b, so thit a 
very narrow hole perpendicular to the direction of tension 
produces a very high streesa concentration." The above 
reference gives no indicetion that the stress concentrwetion 
factor might very with the ratio of the width of opening 
to the width of the plate. This is a summary of the mesger 
informetion svailable on the problen. 

The problem wes not only tne one of determining the 
stress concentretion fsectors for tne three types of openings 
suggested, but also of determining the variation of the 
factor for multiple openinge of eech type with verying depths 
of pillars between. A theoretical analysis would not only 
be extremely complex, cut would be of coubtful practical 
Vélue. From the piecticsl stand-point there were two methods 
aveileble for investigation of the probiem:s photoelasticity 
and brittle lsecquer. Strain gages wuld onl; give #n #verage 
Velue of ctrain over the gage length. This could c#usé am 
appreciable end indeterminate error even over s 1/8 inch gege 
dength. Several factors fevored the use of brittle sacyuer. 
Many tests could be run in the limited time evellabie. The 
teehnique is fairig new and does not require extensive pre- 
peration. It was felt that the results coulda be ch@cked by 
the photoelastic method if time permitted. 

The Wavy Depert@ent wished to obtain the strese concéen- 


tretion factors for pistes subject to a uniform compressive 
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load. There were many GQifficulties, however, which woule be 
encountered in the use of brittle lecquer in teeting coeprea- 
sion loads. The plates would have to be costed unde: load, 
tnen allowed to dry emda the load released. Such » procedure 
would be extremely cumbersome with the equipment evellable. 
Since the lord would be uni-axiel in eny c#se, the investi- 
aation wes conducted with tension loads. The factors will, 
eof course, be identicsi for both tension and compression 
loseds. 

During the course of the experiment the invsetigetion 
was carried out in three prineipal parts. Tne first part 
consisted of tests using moderate oven temperatures for dry- 
ing; the second part, Grying in air; the third pert, using 
higher temperutures in conjunction with snother research 


project. 
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PREPARATION OF MATERIALS 





éfter heving determines the number enc tyoe of openings 
to be tested, the investigstors were fscec with the problem 
of determining the msateriail end dimensions of th# specinens 
and the design end construction of the necetsery spperstus 
for testing the specimens. The materisl to be useé for the 
specimens should have two properties: it should have @ low 
moculus of elasticits, to yleld a meximus strein with tie 
least stress, thus reducing the losd reysizred to fiecture 
the lacquer; and it must heve a eufficiently nigh jielco point 
to sustein strains of at ieast five times thet required to 
fracture the lacquer without ;lelcing. This i# necessary 
in ordsr to exemine the atrseins over the entire piste with- 
out causing local jlelding eround the openings. The meterisl 
which best fulfilled these qualifications wes 24 ST sluminua, 
Whice hes a BoGulus of 10,200,000 psi ano a tensile strength 
of 44,000 psi. 

The thickness of the plate ahould be the smallest which 
woulc allow hancling ond working without warping. The 
Laveetigators deciGed to use 1/8" plate for the tests. tovw- 
ever, since this was not a@veliable, 3/16" plete was saneti- 


tuted. 








The reletive dimensions of the pletes and openings as 
prescribed by the Bureau of Yards and Docks are as foiiows: 

Circular openings--r/h =1/15 or 1/20 where r is redius 
of opening end h is depth of plate. 

Half-ellipticsal openings--a/h=c/Zh=1/15 or 1/20 where 
@ ie minor intercept end c is mejor intercept. 

Bi-ellipticsl openingse--same as semi-elliptical openings 
but with bottom minor intereeot of a/3. 

The selection of the proper scale was very isgortant for 
the proper interpretation of results. In determining the 
actuel dimensions of the openings, the investigators felt that 
the minimum depth of opening should be 2/4" to fscilitate 
fabrication of the semples «end examinstion of the lecquer 
Guring testing. This depth of opening would reyuire e clear 
depth of plate between 11.25" end 15". The maximum wicth of 
eny Opening would then be 3". In order to test two or more 
openings with varying depths between, the width of the plete 
fmust be about 16" to 16". Actually 3/4" was used for the & 
and r dimensions indicated above. The clear depth of plete 
was about 13" end the width about 16” or 18". 

The fabrication of the circular holes presented no 
Gifficulties. The holes were drilled snd reamed to size. 

The edges of tiie noles were poiished to remove the ria left 
by the reaming operetion, then checked to meke sure the ecges 
of tne holes were perpendicular to the faces of the pistes. 


Care was texen to insure thet all holes hec sharp, square 
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edges without any overhang or rouncing. 

The semi-eliiptical snd bi-elliptical holes pr esented 
a considerable fabrication problem. There was neither time 
nor fecilities availabie to obtain Gies to punch the openings. 
The only solution seemed to be to drill and flle the open- 
ings to proper size. The pattern was wade by seribding ea 
perfect ellipse on » plate using two pins and a taut cord. 
This plate wes then used as a pattern for the other »penings 
to insure uniformity. While this wes a very tecious pro- 
cedure, the openings were very carefully mede to tne precision 
desired. The jaqpe ware carefully filec to right angles and 
the corners were filed to the exact contour desizrev. all 
eornere ana edges were then polished amooth with emery cloth. 
It was felt that this was lergely responsible for the 
uniformity of the results obteined. 

The openings teeted are illustreted on Figure I. Betides 
the tests of single openings of the relative dimensions 
illustreted, tests were mecde using plates with the following 
combinations of openings: 

1. three circular openings 2" o.c. 

2. two semi-ellicticel openings 5", 6“ and 7" o.c. 

3. two bi-elliptical openings 5", 6" end 7" o.c. 
It wee hoped tnet the experiments would illustrate wn) varie- 
tion in stress concentration fector witn variation in piller 
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Tne loxc to bs sustuinec by the téeeting jlg wee computed 


ag foliows: 

Average Ginigum strein to frectuwre laeguer--0.001 te./in. 

Average strese in gross crose-section of piste-- 

0.001 x 10,200,000 = 10,300 psi. 

Grose eres of plate=--3/16 x 19 =2.37 eg. in. 

Totel lowé--t.357 x 10,300 = 24,700 lds. 

fhe jig wae then Gesigned to apply this lowé oniformmly 
ever en 15" length without appreciable daflection. The plane 
for thie jig ere included in this paper. The losd wes trane= 
mitted from the jig to the pletes through §" chrome etenl 
pins fitted in wachined holes 1g o.c. Thie jig proved 


highly satisfectory thioughout the experiments. 
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INVESTIGATION JoIWu s0LarhaTE 
OVEN Thar CeATJUAES FUR DAYIRo 

On the wdvice of rrof. nh. H. Trathen, the first three 
tests were mace using the oven-drying techniyue which wes 
concurrently being investigsted by J. H. Wilson end Bb. T. 
Dibble. This technique wer expected to give much greater 
sensitivit; than thet obtained by the usual method of air- 
drying the lacquer. 

In this phase of the investigetion tne conventional 
methoa of determining and applying the proper iscquer was 
used. The plates end calibration bars were first costed 
with sluminum undercoating for all runs. 

The optimum lacquer for the spraying concitions was then 
applied to the plates. For the first run the entire caepth 
of the plates was spreyed to test the jig for uniform loed 
across the edge of the piste. For the other rune the plates 
were sprayed only around the openings. ‘The piates am cal- 
Lorsetion bars were then placed in the oven st the t#speratures 
indiceted. The usual steel calibration bars were usea for 
ca.ibrating. 

After crying, the plates and calibration bars were 
rewoved from the oven sand placed in the leborutory nee: the 
te@ting machine. At least twenty minutes elsepsed before 
testing eny plate to insure cooling to room t#mpereture. 


The temwperuture in the laboretor; Guiing testing wae recoraesa. 
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Toe tests were made in a Southwark-tmmery 100,000 lb. 
testing machine. The procedure used during testing was as 
follows: 

A plate was inserted in the testing jig anc ali pins 
were inserted in the holes. The plate wes carefully exemined 
for crazing or cracks causec by driving the pins. aAn ob-= 
server was stationed on each side of the plate and lowec was 
applied. <A stop watch was used to clock the time from the 
beginning of application of loed until the first cracks 
appeared. The time snd losa of the first cracks were re- 
corded. The plste was then exsmined without further increase 
in loed, and any irregulerities were noted. 

After examination, more load was applied in verying 
increments on the first run to obtain stress patterns over 
the whoie plate. By carefully watching the lacquer st some 
Gistence from the openings it was determined that cracks 
appesred over the entire width of the plate at the same load. 
This indicated that the load was being epplied uniformly at 
the edges, at least within the accuracy of the brittle 
lacquer. Photographs of the stress patterns obtained from 
the first run are itneluded in a lster section. 

At the openings cracks would usuelly appear at ail 
corners simulteneously, or nearly so. Sometimes there would 
be only one crack at a corner, but usuall) there woulc be 
two or three cracks at the first fracture. Theee cracks 


were about 1/8" long. Their locations with respect to the 
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corners’ ror the vsislous t;,;pes of openings ate Lacicetea in 


the exeteches below. 
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The stress concentration factors were deterauined fiom 
the cats as follows: 

The calivration etrsin wes corsected fur cieep during 
the time of iowcGing using the creep correction curve ree 
preaucec herein os Figure 5S. This correctec strein nos then 
multipilee vy the modulus of eleatilelty~--10, 900,900 pel.--to 
obtain tne etrets at tne point where the cracks occurred. 
The sverage strees ove: the net eres of the plete was found 
by Giviaing the load on the plete ut the timo of tne iret 
eCruckse oy the net cies of the plate. The ratio of tne elress 
et the crseckhs to the average strese is the stress concentie- 
tion fector. The fsctors for the first three ruas were then 
tebuleted samo oxeslined. 

At tHis point in the inveatigstion it became epperernit 
thet the resulte were very low and erretic. efter such 
Geliveration it was finelly decided thet the procecure of 
using steel celibretion bare anc sluminum ceaplee we 
decidedly feulty. Upon investigation it mes ceoterelom thet 


the sinear coefficient of thermal expansion for «teel wae 


Oo Beteolee) My. qgebanyy To oes teeta? oO ol sdbengo 
= as wee shiesens aad 








15. 


approximately 0.0000065/ °F. es cCOmpelred to abdout 0.000013/°F. 
for the aluminum. The effect of this difference wee &s 
follows: | 

After spraying, the plates anc cslibration cers were 
placed in the oven while the lacquer wes ina plastic con- 
Gition. During the dr)ing period the texperature wut main- 
tained constant. Upon removing the pletes and vars fiom the 
oven, nowever, the aluminum plates would contract @ucnh more 
tnan the steel bers. This would have the effect of placing 
an initial compression in the lecquer on the aluminum clates 
corresponding to the difference in contraction between the 
6luminum and the steel. This compression effect would be 
maintained until the piate was loaded in tension. During 
thie time, however, the effect woulca oe somewhat reducec by 
creop in the lacquer. Upon losacing the plate, so grester 
strain wouic then be regquirec to fracture the lacquer. During 
the time the loud was being applied creep would agein teks 
plece in the lacquer, this time in the opposite direction. 
The net effect of creep woulda thus be rather uncertain. 

The correction to compensate for this error was made 
guite simply. The difference in the linear coefficients of 


thermal expension of the two materiels was teken as 
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oF. The difference in contractions between the 
two meterials wes this value multiplied by the temperature 
Gifference between the oven and the leborstory. Thie wes 


the difference in strain induced in the lacqu®r Oj the 


fd 


vt waavae 
oe 4° aemeows 
.0 yee? ue eyue 


we -mweleur 
- = oe We 





on 
eS 7 aad 
—_ he 
a ld 
a es 





14. 


unequal contractions of the geterials. Cresp wee considered 
negligible es far as this strain was concerned. It wes 
ressonec thet whereas the time during which creep woud 

take place to resieve the compression in the lacquer was 
considerably greatei than that during wiich it woulie act to 
relieve the tension strain, since the tension strein would 
be much higher tne net result would be unegprecisble. The 
cor:ection to ve made was thus only the stress corresponding 
to the difference in contractions. This correction was 
apolied to the creep-corrected celibration stress to ovtain 
the actual stress at which the lacquer fractured. This 
procedure produced results which compared very favorably 
with those obtainec using edv-Aes tnd in the second phase of 
the investigation. Whereas there were certain errors in 
this procedure which were indeterminate, it was felt tnet 
they were of such small megnitude as not to affect tne final 


result meteriaily. 
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IWVESTIGATION USING AI DEYISG 


After consideration of the somewhat uncertain 1esults 
of the first part of the investigation, the investigestors 
Gecided to make several runs crying the pletes in the con- 
ventionel gianner. The plates were coated with lecque: in 
the usual way, then dried et room tempeiature ovel night. 
The testing piocedure wes the same os for the previous runs. 

Four runs were made in this manner, numbered 4 through 7. 
It was found that the celibration strains were consicerably 
higher, but thet the velue of the factors dic not vary 
beyond experimental limits. The cispersion was upproximately 
the same as for the first three runs. 

The reduced sensitivity of the lacquer when diied in 
air was not an inconvenience in this investigetion. in 
fact, it mey be that the results are slightly more accurate, 
Since the loeds were higher, ea small error in reading or 
eslibration would have less effect on the factor. 

This part of the investigetion served mainiy es a check 
on the first part and to obtain edditionel velues to compute 
the mean factors. The results compared favorably witn those 


obteined in the first three runs. 
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The next three rums, numbers 8, 9, and 10, Were 
carzriead on in conjunction with a contemporery research 
project on the neat treatment of orittie lecquer by 
Lieutenants (junior grede) b. fT. Dibble end J. ». Nilsen, 
Civil mngineer Corps, U. & Nevy at A.r.1. These officers 
investigated the use of neat treatment to sensitize tne 
lacquer snd hec at this tise obtainea sets of optimum 
concitions of lacquer numbers with corresponding Ceyrees 
of heat treatment. It was uesirec to test these conditions 
of heat treatment on the compliceted shapes end the prec- 
tical problem of this stress concentration project. As 
indieated in runs 1, 2, end 3 of this project the bibble- 
Wilvon heet treatment of the test plates wat used but at 
that early date e final set of optimum conditions hee not 
been obtsined and the investigstion of this project showed 
a return to the etenderd method of air drying would be 
adviseble. 

Three sets of optimum conditions es suggesteu by 
Dibble end Wilson were set up for tne same group of pistes. 
The platee were spreyed, heset treated ano testec with a 
run for each of the three sets of conditions. These runs 


ere the following runs Gesigneted 6s numbers 6, 0, wm 10. 


a i 


hun §3S consisted of plates, 1, &£, 3, and 4, the semi- 
ellipse group, sprayed with lacquer number 1205, heat 
treated for Ze hours in the oven at 124°Pr., smd fiowly 
cooled to reom temperature. hun #9 consisted of the same 
set of plates but with lacquer #1201 and oven tempersture 
of 168°F. Kun #10 was with seme plates using lecquer #1203 
ana oven temperature 146°r. 

These three seperate runs served to confirm the Dibsle- 
Wilsom conclusions of increasec eensitivit; with meat trest- 
ment wiich will uncoubtedi; be a tremencous strice in the 
success of brittle sacquers. However, this increased sen- 
sitivits; for tuis one particular project on stiess comcen- 
trations did not materislly aid in the determinations of the 
factors. In run #8 the leequer was so sengitive thut the 
impact of cGriving the pins to set the plate in tne jig pro- 
Guced smell cracks at the criticsel points of the openings 
Which egain was proof of the increased sensitivity but 
Which was undesirsble for this project in that the iesalting 
stress concentration fuctor for each plate in each run 
hinged on the accurete observation of the firet mimute creck 
in the lacquer unaer loac. 

The second apparent disadvantage of using h®et tiest- 
ment for this project was the neceszit, of using & c#lculated 
correction for the difference in coefficients of Sr»pension 
between the eluminum test plates end the steel calibretion 


strips. This caleuleted temperature correction atrese at the 
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high oven tenperature runs fer outweighed the etrene for the 
celibratea ttrein which was undeslrable. for eAmugple@, in 
run #3 the teupereturs correction amounted to €170 pei while 
the etress ovtsined from the creep correctec calibretion 
bar strain wee only 27040 psi. An attempt was made to 
eliminate tne necessity of this correction by the 2repaer- 
ation of aluminum celibration strips, however the #luminum 
strips were of insufficient strength to withetand the 
Geflection of the calibrator cam anc ali bars were pelWen- 
ently ceformed. Had there been time aveilactle a mew cam 
for the celibrator could huve been prepared to give «= mech 
emaller ceflection, therefore allowing the use of eluminun. 
Another yossible remedy would kaeve been to use calibration 
stripe of 75 ST eiuminum which hee a yieid strength of 
@pprosimetely 6U,000 pei anc coulc have witbstooa the de- 
flection. Agein the unsvailability of materials wnc leek 
of time preventec this refinement. 

& third dicacventege of these high heet treatments was 
the wide dispersion of results obtained as noted in the data 


for the threo rune. 
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COKRULIS IONS 


The average velues for the stress concentretion 


factors enc the waximum dispersions for the ten plates 


tested are tabulated velow. 


Factor Dispersion 
e4 


Plate 1l--single seri-ellipse 2.83 2 
Z--two semi-eliipses 5" o.c. 2.60 16. 
S--two semi-ellipses 6" o.c. 2.66 1h. Of 
4--two semi-ellipses 7" o.c. 2.04 1e.5¢ 
S--single bi-ellipse 2.26 £0.86 
6--two bi-ellipses 5" o.c. 2.64 18. Si 
Je--two bi-ellipsee 6" o.c. 2.63 26.0€ 
8--two bi-ellipses 7" o.c¢. 2.80 19.08 
Q--sinule circulsr hole 1.94 11.98 

lO--three circular holes 3" o.c. 1.82 20.24 


The conciusione which the authors heve diaewn from the above 


results ana the experiment as s whole are as follows: 


(1) 


(2) 


(3) 


(4) 


brittle lacquer is an excellent means lor 
determining stress patterns if pletes with 
openings. 


brittle ilscquer is san excellent sesens for 
locating points of stress concentration. 


the dispersion mey be as great as 25", with 
ocecasionel errors of much gr#ate: m#penituae. 


the stress concentration factors obtelneu by the 
use of the brittle lacquer technique are def in- 
itely lower tuen theoreticai values or other 
available experimentai velues. For instence, 

the graph om page I gives a factor of ebout &.6 
for tne opening in plate #9 ae compared to an 
everage velue of 1.94 obtained by the Lrittie 
lacquer technique. It is beileved thet the 
fectors for the elliptical openings ar@ consider- 
ably lower then theoretical. 


oT << 


owe ria taal 
i amy san ean i eee 
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(S) the tests stowed that tmne:6 €&@s no noblewable 
veriation in fuctors in the inusicge® 6m outside 
corners of the cpenings in « plete. 


(S$) there is no sppreciable cifference batween the 
factors for seml-ellipses ana Ui-el-_ipees. 


(7) the factors seemed to vary according to this 
rule: 6 single cpening causes the highest 
lector. For tro Openings the factor ime: gases 
with the distance between the Opening». bho 
the openings testea all the factors for tro 
openings were .ess then those for ons. It 
seems likely that the factor for tro Ope nLiys 
would sg, roach thet for one opentng as the 
distance between openingé increases, but tis 
was not definitely determined, 


(8) the shape of the stress pattern is effected by 
the curvature of the opening. Comparing figures 
7, 13, ana 14, ome cam eee that ae the ecurva- 
ture increases the isoentatic SBoves outward from 
tue curved portion of the opening. This effect 
ig most noticeable on Figure 7, the semil-eilipse,. 
The isoentetics in this cese are extenced much 
further above the curved portion than beiow the 
Straight bottom of the opening. 4 study of this 
prenomenon wes outside the scope of this inveat- 
igation. Such a study sight, nowever, throw 
considerable light on the effect of openings in 
plates. 

Tae reason for the low velues of stress Ccomcentretion 
fuctors hes not bean determined. one possible solution is 
thet the lacquer wes thin over the edges of the openings 
ané woulé therefore not fracture et as low a strain #8 the 
imequer on the cslibration bars. However, every possible 
@esns wes taken to obtein o uniform thickness of leeuuer 
st sll points sroune the opening. The investigetors aye of 
the opinion that this did not heve an eppreciable effect 
om tue factors obtained, but wes ment loned merely ta caution 
other investigetors to use grest care in appiying the 


ieacquer sround openings. 













S428 2587 Were’ SHare en7 


ae ai esueeet of wel eeliev 
o Ab Agelieige mer To sree 
owe eu et cued 18) 
‘es > oo wt rdvat 

seh agate? sigese 












‘ wo 1 Yen @ Som 


, one ATR i= 
red 











’ 4 
. <= — tae. YE ion ad Sik 
, =. = — ow | - 
. — eae 4 & 
P i etl . a A 
a ——— * ~, si 5 = o 4 - — P . 
® - : cz - n 
. = oa 
: - 
7 = : 
Pew —— 
=> ._ 
wre F 
=. il a 
= rs ro - a a - 
rd wt 
: ; . ee 





a. 


Another possible cseuse of the low valu@s obtained was 
the discontinuity of the lacquer near the edwes of the 
Openings. As fer es can be determined from observing care- 
fully the cracks on calibration bers it seemed thet iucquer 
ciacked at the edges of the bars at the seme strain as in 
the body of the lacquer itself. However, this hes not been 
thoroughly investigated anc no definite statements can be 
meace concerning it. 

The great difficulty in this work is thet the strees 
drops off so rspidly near the opening that «a value obtseined 
at only a winute cistance from the opening would be 
considerably in error. As far es couid be determined the 
stresses obtained in this investigation were the correct 
values, but perhaps there was some source of error at this 
ecriticsl point which has not es yet been recognised. It 
wes felt that this is a paiticularly important phese of 
the use of brittle iacyuer end would be a worthwhile prob- 
lem for future inveetigation. 

Any reeders meking a comparison of these factors with 
others are cautionea that these factors are bssed or the 
net a:éca and not on gross area. Factors based on net ares 


will be smaller than factors based on gross alee. 
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SUGVeESTIOND FOR FUTUR INVESTIGATION 


The following suggestions for future investiguticn 


are set down by the authors: 


(1) 


(3) 


(4) 


(5) 


(6) 


The investigetion of stress concentr+tion 
factors for plates in compression might jield 
valuable information about the problem. ouch 
an investigation woulda require specisl @gquip- 
ment end considerable time. The method of 
spraying while plate is under a compressive 


loac, drying under load, and testing oy relax- 


ing lowa coulda be used. 


An investigstion using a jig which would clamp 
the plates would eliminate some of the troubles 
experienced from criving the pins in this 
invesatigetion, therefore the increesed sensi- 
tivity of heat treatment coulda be usec. 


The development of a technique which wouic 
guerentee a uniform thickness of lacquer inside 
and wet the edges of the openings would probebly 
yiela more relieble results then the usual 
tecrmique. A finer lower pressure spray or 
perhaps & orush could be usec. 


A study of the variation of stress concentration 
factors over a wider renge of pillar aepths would 
be of great value. 


An investigation of the same openings using the 
photoelastic technique would be a vriluable 
check on the results obtained. 


In association with heat treatment the préparation 
of calibration strips of the same Gaterial as the 
test plates with possible pre-requisite preparation 
of a culibrator cam to give smali deflections would 
eliminate the need of the large thermal expansion 
corrections that were necessary in this particular 
experiment. Or the preparation of c#.iibretion 
strips of 75 ST «luminum to withstand the deflection 
of the cslibrator cam could iikewise be dome for 

use with sluminum plates. 








DESERT PTIONS UF 





Jest +: LeTss 


AVvere ge Gross Ret UIO8B Net 
riste ho. Thickness Width Sicth area ares 
i 0.1870 15. 88 12.75 2.97 £209 
Z U.1870 12,88 9.75 £.¥7 1.62 
3 0.1880 15.88 9.81 2.90 1.64 
‘2 0.1865 18.06 11.94 2.37 2.28 
5 U.1865 if. 88 Le.81 #.98 ec 
© 0.1860 15.88 $9.91 <.¥0 1. 8 
7 0.1885 18.06 12.00 *.4l 2.27 
8 0.1870 18.00 11.94 3. 37 2.28 
9 0.1870 L&.88 14.38 2.97 2.69 
10 15.88 11.8 *.00 '.16 
Plete Wo. 1 hes one Semi-ellipse, centared 
Fiete No. 2 hes two Semi-eliipses, 5"o.c. 


Ca 
Z 
ir 


Plate No. two Semi-ellipses, 6“o.c. 


Plate No. 4 has two Se@i-ellipses, 7"o.¢. 


Flete No. has one Bl-ellipse, centered 


viete hes two Bi-elliivses, 5“o.c. 


two Bi-ellipses, 6"o0.c. 


bes two bi-eliipses, 7"o0.c¢. 


5 

6 
Ylete Wo. V7 hus 

riate 8 

i) 


rlate No. hes one Ciiele, céntei ea 


Plete Mo. 10 hes three Circles, i"%o.c. 
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VECEWVEd WATa 
sun fl July 6, 1948 


All plates costecé with £1207; drie¢é #0 houre lo oven at 90°F. 
boom tempereture curing teat T0°R. 


Celibreations: 6.61, 5.7 averege 6.09 x io 
Corrected” 
Leec to Time Averege Strese- Strese et 
Elete heeding See. _ Net ares _ Grecks actor 
i 7556 L520 2160 10, 940 2.47 
E 4230 1140 © 4220 10,340 &.87 
3 6500 60 ZEzO &780 <.63 
4 7500 70 2270 6670 &.&7 
5 19,500 <70 2510 at6d ¢.28 
6 8000 90 4300 8880 ~.07 
7 19,000 150 4420 8380 £.05 
8 8500 90 7800 8880 @.38 
-? 10,600 &O “960 6550 2.16 
LO 4000 Z0 1860 8370 4.46 


# Correcteo atiess ineludGes the foilowing corrections: 


(1) for cifferenee in coefficients of thermel] expe usion 
of steel ceiloretion strip enc «sluminum toet ;ietesg 
Guring covling from 9O F. (oven tespernture) to 70°F. 
(room tewpersture). 4 ' 

Gorrection=65 x 10 210.2 x 10 x BU 21580 pei 


(2) for creep during time of test, obtsined frum creep 
Cul ves. 


Semple: Pfiate Ho. l. - 
Cesibretion etrein ie 6.04 x 10 iaeches/ inch. 
Strein corr ectee for creep éurimg 1780 seconds ts 
»%O0 x 10°* inches/ inch. 
Gorretponding ptress 9.80 x 10°" x 10.9 # 10° = gedu ps! 
Str@s® cv1iectec for temper eture 2 9600 #140 10,9480 pel. 








VUBSZDVEL LaTAa 


hun #2 duly <9, 1948 


All plates coated with #1207; dried 20 hours in oven at 110°F, 
hoom tempereture 77 °F. 


4 


Ceiibrations: 2.08, &.08 average 2.58 x 10 


Corrected 


Loed to Time Average Stress- Etress at 


Plate heeding Sec. Net Area Cracks Factor 
1 6400 150 <680 5590 <.07 
é 2500 5 1370 4910 3.58 
5 2400 45 1210 5010 2,83 
* z 60 1570 5o50 3.41 
5 4200 60 1750 53550 5.05 
6 2500 75 L245 5400 4.01 
7 5000 50 <190 5020 2.49 
8 4000 150 1790 5590 5.11 
9 No readings -- vbedly crezed. 

10 4500 30 2090 9220 z.50 


t See hun #1 








OBSERVED DATA 


kun #3 July 29, 1948 


All pletes coated with #1208; dried 20 hours in oven at 100 °F, 
Room temperature 80 F. 


Calibrations: 3.1, &.6 average 2.35 x 19~* 


Corrected” 


Load to Time Average Stress- Stress at 


Plate heeding Sec. Net Area : Cracks Factor 
1 5900 15 1630 5140 5.15 
Zz 4600 36 2520 5280 2.12 
3g 5400 20 1840 5180 2.88 
% <3500 8 1020 S0Z0 4.88 

5 5200 9 1330 9020 5.77 
6 °800 25 2040 5210 2.56 
7 4000 17 1760 5140 <.93 
8 4400 55 1960 9320 2.72 
9 5300 10 1960 5070 2.06 

10 5600 50 <600 0280 2.02 


* See Run #1 








UBSEAVEL DATA 


kun £4 sugust 7, 1948 


S1l pletes costed with 41208; dried 26 hours et room 
temperature. 


Culibretions: &.8, 6.1 veverage S.95 x 10°* 


Load to Time Average Stress- Stress at 





Piste iesding Sec. Net area Viecks 

1 5100 19 £120 6600 

é 40600 £2 <020 6870 
5 5£00 10 2620 6820 2.54 
* 5800 2% <e00 6870 2.62 
5 5150 25 2160 63870 o.16 
6 5040 25 2720 6870 £.82 
7 6200 Ze £720 6380 z.74 
3 6000 <8 z2090 62900 54 
9 10, 800 42 4020 7110 1.7% 
10 $800 12 4560 o620 1.45 








ObSa:.VED LATA 


Run £5 August 6, 1948 
All pletes coated with #1206; dried 17 hours st room 
temperature. 


Calivration: 7.3&£ x 107% 


Losa to Time Average Stresse- Stress at 
Plete heeding Sec. Net Area Cracks Factor 
1 8500 60 23570 8900 <.49 
6100 14 3250 8210 2.45 
3 5600 22 3040 8450 2.78 
~ 7100 60 3180 8900 <.80 
5 2100 €0 oe S900 é.61 
6 5800 25 5110 8450 2.71 
7 6700 25 £940 6450 2.87 
8 6100 20 2740 8290 3.05 
9 14,000 66 5210 9000 1.72 
LO 11,200 £2 9220 6450 1.61 








hun #6 


OBe BHVED DATA 


August 7, 1948 


ae 


All piates costed with #1206; dried 26 hours et room temperature. 


Celibration: 8 x 107° 
Loed to Time 
Plate sesading Sec. 
L 6100 Se 
c 6000 <6 
3 6£00 OL 
~ 63500 20 
S 6400 22 
6 7100 SL 
7 8000 24 
8 6100 18 
9 13,100 50 
10 9200 20 


Average Stress 
Net Area 


Stress at 
cracks _ 


9410 


Factor: 


3.70 
2.87 
2.77 
3.30 
2.48 
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OBSERVED DATA 


hun #7 August 10, 1948 
All pletes costed with ©1205; dried 25 hours et room tes,perature. 


Gelibretion: 8.26 x 107* 


Loac to Time Average Stress- Strese at 


Flete keading Sec. Net sj1 ee Crecks Fuctor 
1 5600 25 £420 8150 £257 
é 5100 el £2800 8120 z£.90 
5 6100 SO 5210 6300 2.49 
4 £100 20 2280 65090 4. 61 
5 5400 19 2250 8090 5.58 
6 5100 19 2740 8090 2.94 
7 5600 21 2460 8120 2.29 
8 SE 2040 8300 2.73 
9 6600 <9 2450 8300 5.28 

10 9800 48 4560 8450 1.85 











5) 


OBSLAVED DALA 


hun #8 August 1k, 1948 
Plates 1, 2, 3, end ¢4¢ coeted with #1205; heet trecstead at 
124°F. for 28 novrs. oom tempereture 78°F. 
Celibration: 2.0 x 1074 
Co! rected” 
Loac to Time Average Stress- Stress sat 
Flete heeding Sec. Net Aree Cracks Factor 
1 3000 > 1250 5290 4.23 
& 2500 17 1920 5250 2.78 
< 4200 27 <280 5410 £.37 
« £800 3 1270 5£90 4.16 
# See Kun @1 
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OBSERVED DATA 


fun #9 August 17, 1948 


Plates 1 to 4 costed with #1201; heat treated 20 hours in 
oven at 168°F. Cooled in oven to room temperature 76°F. 


Calibration: 2.7 x 107% ineches/ inch 





Correeted™ 

Loaa to Time Average Stress- Stress ut 
late headi Sec. Net Area racks 
i <600 13 1090 9210 8.47 
c 5000 16 1650 9240 © 60 
3 <000 8 1080 9150 8.48 
2 2000 21 1340 9280 6.92 
# See hun #1 








ObSanVED DaTa 


Fun #10 August 16, 1946 


Pletes 1 to 4 coated with 41203; heat treated 20 hour® in 
even et 148°F. Cooled in oven to room tewpersture of 76 F. 


Calibration: 4.6 x 10°* inches/inch 


s 
Corrected 
Losd to Time Average Stress- Stress at 





Plete heeding Sec. Net Area Crack Facto 
i 4900 o1 £050 10, 220 5.00 
. 5300 z0 <920 19,100 2.47 
3 5000 22 £720 10,140 2.71 
4 4400 32 1970 10,250 ©.20 


# See Kun #1 


x 








COMPUTATION AND COMPARISONS OF FINAL FACTORS 





kuns 

Flate I II iif IV V Vi VII Total Averege 
1 3.47 2.07 3.15 3.18 2.49 3.70 3.87 19.36 4%.23 
2 6.57 2.58 2.12 2.72 2.45 2.67 2.90 18.63 £.60 
2 2.69 3.83 2.868 2.34 2.78 2.77 2.49 15.95 2.66 
4 2.57 3.41 4.88 2.63 2.80 3.20 3.51 18.82 3.04 
5 2.33 3.05 2.77 2.16 2.61 2.45 %.58 22.95 43.28 
6 2.07 4.01 2.56 2.52 &.71 €.44 2.94 15.24 2.54 
7 2.03 2.29 2.93 2.34 2.87 2.68 3.29 16.38 2.63 
& 2.33 2.11 £.72 2.34 3.05 3.32 £.72 19.61 2.80 
9 2.16 ---- 2.06 1.77 1.72 1.98 3.36 9.69 1.94 
10 4.48" 2,50" 2.02 1.45 1,61 £.18 1.85 9.12 1.62 
Total —— 


(1-8) 21.06 11.86 20.13 21.25 21.76 24.29 24.61 
Ave. 2.63 2.96 2.868 2.65 2.72 2%2.05 3.08 


* This value srbitrerily ciscerded as it differed from the 
mean for the plate by more then twenty-five per cent. 





BAroARALTIUN Cr reOllunAris OR FULLOBING rages 





Some of the following photographs were mece of the 
test plates efter a test run. A rea dye etchent wat used 
to accentuute the smell crecks ror better photographing 
purposes. 

The photographs a1¢6 primarily to show the stress 
distribution over the ares surrounding the openings. For 
the actual calculation of the concentretion fictors only 
the first minute creck was necessary but the creck wae too 
small to be photogrephed. Some photographs —— iso- 
entatics for various loads ana some clearer photogrephs show 
the isostatics. An isoentetic is a line drewn to join the 
ends of the crecks (isostatics) in the lacquer, thus is the 
locus of points of equal strain. An isostatic is an actual 
crack in the lacquer or the lines of failure of the costing. 
The daivections of the principal strezses are tengent and 
perpencicular to the Lsostatice.> See Figure 14 for proceaure 


for odtuining isoentatics. 


le. Ae ds Durelli, “What Kind of Information Does wittle 
Lacquer Give", Product Imgineering, June, 1948. 
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TEST SUPPORT DETAILS 


DA MARQUARDT POO bt toe 
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Fig. 4 
This is a photograph of the apparatus set for a test run. 
It shows e front view of the jigs and the large bolt leading 
to the cross heads of the testing machine. Plate #9 is shown 
mounted in the jiy;. The wide ilght colored band scros: the 
center of the plate is the dried coating of lacquer. 
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Piz. 5 


Side view of jig with plate 
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